Abstract-A novel side-feed quasi-Yagi type antenna capable of triple-frequency operation at about 1900, 2400 and 3600 MHz is presented in this paper. The antenna is composed of a folded quasiYagi element and a modified CPW-to-CPS transition. The proposed antenna can be mounted perpendicularly to the feed circuit board of an array antenna so that it offers a novel design with a free degree of feed point so as to save device space, and its folded quasi-Yagi element can result in a low profile to the system. The experimental results demonstrate that the proposed antenna can operate over three frequency bands, with −10 dB reflection coefficient bandwidths of 200 MHz, 200 MHz, and 400 MHz at the central frequencies of 1.9, 2.4, and 3.6 GHz, respectively. Moreover, in the whole working bands, the antenna basically keeps the same radiation pattern and the gain is over 2.6 dBi.
INTRODUCTION
Nowadays, the explosive growth in the wireless communication is driving the increasing demand for antennas that integrate more than one communication system into a single compact module. Wireless applications such as 2G/3G/4G cellular phones, Global Positioning System, wireless local area network and Bluetooth have been developed at a fast pace during the past decade. The multiband planar antennas with directional pattern have attracted much attention because of their good features including low profile, light weight, low cost, ease of fabrication and high directivity. Printed monopole and dipole antennas etched on a dielectric substrate might be one of the simplest types of planar antennas and have been widely used for various wireless applications.
The directional radiation characteristics are often achieved by antennas, whose dimensions are several wavelengths such as horn or reflector antennas, or arrays of antennas. Such dimensions are usually not a size-critical problem for outdoor applications or when working in a millimeter frequency band.
The planar quasi-Yagi antenna is widely used in wireless communication for its simple structure, easy to feed, low cost and high directivity [1] [2] [3] [4] . Much significant effort has been devoted to designing quasi-Yagi antennas and various forms have been studied to improve the performance of quasi-Yagi antennas, such as the seriesfed two bow-tie dipole array for enhancing the front-to-back ratio [5] , the Sierpinki or Koch fractals shaped dipole elements for reduction in size [6] [7] [8] [9] [10] , using resonators or parasitic elements for enhancing the gain and bandwidth, and various transitions for connecting to other components [11] [12] [13] . In [14] , a quasi-Yagi antenna with arrowshaped dipoles is proposed with the operating frequency from 490 to 798 MHz and gain between 3.8 and 5.7 dBi. A frequency and pattern reconfigurable Yagi antenna consisting of a PIN diode at the arms of the driver element with three switchable frequencies at 1.25 GHz, 1.85 GHz and 2.45 GHz is discussed in [15] . Most of them are fed by microstrip and working only in one or two operating bands. However, the uni-planar antennas are more beneficial than doublesided microstrip in terms of compactness and the integration capability with solid-state active and passive components.
In this paper, a new design for the uni-planar multiband quasiYagi antenna with a reduced size is developed. The proposed antenna consists of three quasi-Yagi elements of different lengths and three parasitic elements above the driver elements. The longest element is folded to reduce the antenna size. To match the input impedance of the antenna to the 50 ohm feed line, a modified integrated feed network consisting of a CPW line and CPS line is employed. The modified CPW-to-CPS transition can transform even-mode electrical field at the CPW line to odd mode electrical field at the CPS line and the side-feed structure is introduced. The effects of varying folded position of the quasi-Yagi elements on the antenna performances, such as the input reflection coefficient, are investigated.
The proposed antenna, with −10-dB reflection coefficient operating band around 1.9, 2.4 and 3.6 GHz, covers several useful frequency bands including Personal Communication System (PCS, 1850-1990 MHz), wireless LAN (WLAN, 2400-2485 MHz), Industrial Science Medical (ISM, 2400-2500 MHz) band, TD-SCDMA Long-Term Evolution (TD-LTE, 2500-2690 MHz), and Worldwide Interoperability for Microwave Access (WiMAX, 3400-3600 MHz). In addition, good directional radiation performance is achieved due to the characteristics of the Yagi antenna. The peak gains in the whole band are more than 2.6 dBi (from 2.6 dBi to 4.8 dBi).
ANTENNA DESIGN
The configuration of the proposed antenna is shown in Fig. 1 . The antenna is fabricated on a FR4 substrate with chemical etching method and it has a thickness of 1.6 mm. The relative permittivity of the substrate is 4.4 and the dielectric loss tangent is 0.02. The overall size of the antenna is 50 × 50 mm 2 . The antenna is composed of a modified CPW-to-CPS transition, three driver dipole elements, arm 1, arm 2 and arm 3 with different length, and a simple ground plane as reflector element. Three parasitic elements are placed above the drivers. They can direct the wave propagation toward the endfire direction and can further improve the bandwidth of the antenna. Compared with the only one parasitic element in [16] , three parasitic elements also can improve the inband gain. The driver dipole elements work as half-wave dipoles excited at different frequencies, while the nonexcited elements, longer or shorter than the excited element, act as reflectors or directors, Figure 1 . Structure of layout of the proposed quasi-Yagi-type antenna.
respectively. The lengths of driver dipole elements, L 1 , L 2 and L 3 , are approximately equal to λ g /4 (λ g is the operating wavelength in the substrate) at their resonance frequencies. The distance between the dipole elements (D 2 , D 3 , D 4, ) is chosen to be 0.1 to 0.25λ ghigh (λ ghigh is the operating wavelength of the highest operating frequency in the substrate), according to principle of the Yagi antenna. The ground to the longest dipole element distance, D 1 , can be chosen from 0.2 to 0.35λ ghigh to improve the reflection coefficient. The final antenna parameters are fine-tuned and optimized by using the commercial electromagnetic solver High Frequency Structure Simulator (HFSS) and illustrated in Table 1 .
In Fig. 1 , a folded driver dipole element and other two shorter elements compose the basic quasi-Yagi element. Each of them can be simply model by a half-wave dipole connected to the different positions in feed line. When one of driver dipole elements works as a half-wave dipole, the other two elements behave as open-circuited parallel subs with infinite input impedance. As a result, one of the triple-frequency bands is created. Meanwhile, the elements as opencircuited parallel subs act as parasitic element with reflector or director functions, directing the main beam toward the endfire direction. In addition, the longest driver dipole element is folded to reduce the antenna size with a little effort on the reflection coefficient which will 
Figure 2.
Simplified equivalent circuit for the CPW-to-CPS transition.
be explained in further detail below.
The feed network of the proposed antenna consists of the modified CPW-to-CPS transition. The original CPW-to-CPS transition is proposed in [16] , the branch of which is used as a phase shifter. However this branch will cause the unequal current distribution on the feed line. The modified CPW-to-CPS transition changes the direction of the feed line, which has the same direction with the phase shifter in this paper. The current will be distributed symmetrically on the feed line and phase shifter. The simplified equivalent circuit of the CPWto-CPS transition in Fig. 1 is shown in Fig. 2 current distribution in various areas along the transition are described in Fig. 3 . From these figures, it is seen that at area A shown in Fig. 3(a) , the electric field and current distribution corresponds to the standard CPW line. With an open-circuited quarter-wave CPW section illustrated in Fig. 3(b) , the electric field lines also correspond to the standard CPW line while the direction is changed through the phase shifter. At the reference area C, the electric field lines through the phase shifter and the normal one are assembled in the beginning of the CPS line. The electric field starts from the one side of the ground, then bridges to the strip, and eventually terminates at the other side of the ground, as formulated in Fig. 3(c) . In this region, the electric field lines are partly across the strip and the field rotation is therefore initially constructed. Finally, as the strip vanishes, the electric filed lines cross the other side of the CPS line as depicted in Fig. 3(c) . With this process, the electromagnetic field realizes the rotation from CPW line to CPS line. A certain part of the modified CPS line whose width (from W 2 to W 1 ) increases along the line is applied. The W 1 and W 2 are optimized in order to improve the impedance to match the driver elements.
SIMULATED AND MEASURED RESULTS
The impedance characteristics of the proposed antenna are measured with the Agilent E8357A vector network analyzer. The measured and simulated reflection coefficients of the proposed antenna are presented in Fig. 4. Fig. 5 shows the simulated reflection coefficient for various folded part positions of longest driver element. The folded part connects to different locations on the driver dipole element, i.e., current path is changed on the different part of the driver element.
In Fig. 6 , the normalized measured and simulated radiation patterns for E-and H-planes for each band are illustrated. Referring to Fig. 6 , the main beams are toward the endfire direction, and the front-to-back ratios are almost above 10 dB at the desired frequencies. The differences observed in the back radiation can be explained by the presence of the connector and coaxial cable for field testing. Except back lobes of the pattern, the agreement between the simulated and measured results is fairly good. Otherwise, the main direction of the pattern is slightly changed because the phase delay provided by the phase shifter is not identical through the three bands. The simulated and measured gain, bandwidth and radiation efficiency of the proposed antenna are shown in Table 2 . Three measured section bandwidths according to −10 dB reflection coefficient condition are 1.98-2.16 GHz, 2.43-2.63 GHz and 3.05-3.53 GHz, respectively. The measured gains are 2.6-4.8 dBi within operating bands. Figure 7 . The fabricated prototype antenna.
CONCLUSION
In this paper, a novel side-feed triple-frequency quasi-Yagi-type antenna has been proposed for mobile communication applications. A photograph of the antenna and its SMA connector is shown in Fig. 7 . The antenna configuration and design methodology have been discussed. In the proposed antenna, three dipole elements of different lengths, serially connected through a modified CPS line, are used as Yagi elements for three operating bands and directional pattern. A modified integrated transition consisting of a CPW line and CPS line is employed to match the input impedance of the antenna to the 50 ohm feed line. Simultaneously, the measured reflection coefficient and radiation patterns agree with the simulated ones. The structure of the proposed antenna not only is easy to be fabricated and modified for WLAN and other communication bands but also, because of the side-feed characteristic, is an element to form a larger array easily.
